Selective 1,4-addition using sulfoxonium ylides
Rate acceleration using tetramethylguanidine (TMG) (-)-Levoglucosenone (1, LGO) is a readily available and versatile chiral synthon derived from abundant lignocellulose in a single step.
1 Although carbohydrate-derived, 1 lacks the multiple chiral centres that can reduce the general utility of carbohydrates in synthesis. The attraction of 1 as a biorenewable synthon has stimulated the development of a variety of chemistries for the enone functionality including metal-mediated coupling reactions, 2 conjugate addition, 3 cycloadditions, 4,5 as well as cyclopropanation reactions. 5 Cyclopropanation of the double bond in 1 is attractive due to the versatility of the cyclopropane in synthesis and as it could enable the synthesis of a variety of chiral bioactive cyclopropane derivatives. 6 Previous strategies for the cyclopropanation of the alkene in 1 have employed diazomethane 5 and sulfonium ylide chemistry 7 as well as Michael-initiated ring-closure reactions with diethyl bromomalonate, 8 however, the substitution patterns of products accessible from 1 are still limited. We have recently reported Heck and Suzuki-Miyaura arylation reactions using 1, 2 producing species such as 2, and envisaged that these products could be used to prepare cyclopropane-containing bioactives. We have previously approached these targets starting with 1 using an intramolecular ring-closure reaction on an epoxide derivative. 9 The epoxide ring-closure approach has also been used by Doris et al. for the synthesis of levomilnacipran, 10 while we were able to complete a formal synthesis of PCCG-4 and some GABA C agonists using 1. 9 The Johnson-Corey-Chaykovsky reaction 11, 12 was considered as an alternative reaction to expand the types of products that can be accessed starting with 1.
The Johnson-Corey-Chaykovsky reaction of 1 with dimethylsulfonium methylide generated from iodide 3 is known to generate epoxide 4 in 50% yield through 1,2-at- These reactions afforded cyclopropyl derivatives 6 exclusively and the reactions were highly diastereoselective. As found in the reactions of 1 with other nucleophiles, 3 conjugate addition occurred on the least hindered α-face. The products were then converted into chiral γ-butyrolactones via a Baeyer-Villiger oxidation further demonstrating the utility of 1 as a chiral starting material.
14 These reports are consistent with previous reactions of sulfonium ylides with α,β-unsaturated enones; the unstabilised reagent 3 prefers 1,2-addition leading to epoxides and the stabilised reagents, such as 5, prefer 1,4-addition affording cyclopropanes. 11 The dimethylsulfoxonium cation is a more effective stabilising group than the dimethylsulfonium group and cyclopropanation of enones occurs more readily using ylides generated from trimethylsulfoxonium iodide (7) compared to 3. 11 However, no literature reports have examined the reactions of 1 or derivatives such as 2 with the methylide generated from 7. Previously reported X-ray structures suggested that the aryl group in 2b and 2c twists out of plane with the enone to avoid unfavourable steric interactions. 2 We theorised that the twisted arene would block the carbonyl and promote 1,4-addition instead of 1,2-attack. We now report our investigations on the cyclopropanation of 1 and aryl derivatives 2a-g using sulfoxonium and ester stabilised sulfur ylides.
The preparation of 3-aryl derivatives 2a-g proceeded in good yield via the Suzuki-Miyaura reaction of iodide 10 with boronic acids using Buchwald ligands (Table 1) . Our previous report on the preparation of these adducts used conventional heating, 2 however, there is ample evidence that microwave irradiation drastically shortens reaction times for Pd-catalysed cross-coupling reactions. 15 We have modified the conditions using microwave irradiation and have found a large reduction in the reaction times with comparable yields. For reference, the results are presented in Table 1 . In these modified conditions, Cs 2 CO 3 was replaced with K 3 PO 4 which contributed to the higher yield obtained for the parent arene 2a.
The reactions of dimethylsulfoxonium methylide with substrates 1, 2a-g, and 10 are shown in Table 2 . Cyclopropane 8 has previously been synthesised from 1 by Novikov et al. in a 3 step process, which involved Luche reduction of the ketone in 1 followed by reaction with diazomethane and then oxidation to regenerate the ketone. 5 The cyclopropanation of 1 with sulfoxonium methylide generated from 7 using NaH afforded mainly oligomeric products. 1,1,3,3-Tetramethylguanidine (TMG) in acetonitrile/water has been reported as an effective promoter of cyclopropanation reactions using the stabilised sulfonium salt 5 and so we attempted the reaction of 7 and enone 1 using this base. 
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No products were obtained using acetonitrile as solvent, however, the reaction in DMSO afforded 39% of the target cyclopropane 8 confirmed by matching the spectroscopic data with the literature (Table 2, entry 1) . 5 This single step synthesis of 8 does not compare to the 83% overall yield reported by Novikov et al. although it does avoid the hazardous preparation of diazomethane and is faster.
The majority of the reactions used to determine optimal conditions for the cyclopropanation reaction using 7 were carried out on 2a ( Table 2) . A dramatic solvent dependence was observed with low yields of cyclopropane obtained in THF and toluene and in contrast to the reactions of 1, the reaction of 2a gave a good yield in acetonitrile. Again, reaction outcomes were superior in DMSO in terms of speed and yield (entries 2, 3, 6, and 7 vs. 8 and 9). The choice of base was found to be important and TMG gave better yields of 9a than NaOH and NaH (not shown), which both led to a second epoxidation step following cyclopropanation, especially if 7 was used in excess (entries 4 and 5). Applying these optimised conditions to the enone series 2b-g afforded excellent yields (86-97%) for all cyclopropyl products. Pleasingly, even vinyl iodide 10 afforded cyclopropane 11 albeit in lower yield. No epoxide 12 was observed in any of the reactions involving 7 and TMG in DMSO. The reactions were highly stereoselective due to the preferential addition of the ylide to the α-face and no diastereomers were seen in any reactions involving sulfoxonium salt 7. The product stereochemistry was confirmed using the single-crystal X-ray structure of cyclopropane 9b (Figure 1) .
The importance of using the sulfoxonium ylide derived from 7 can be seen when contrasted with the reaction of trimethylsulfonium ylide derived from 3 with 2a. Epoxide 12a formed through 1,2-addition was not observed using the sulfoxonium ylide; however, the reaction of 2a with 3 and NaH was dominated by epoxide 12a (R = Ph) and only The reaction of aromatic aldehyde 2g with sulfoxonium salt 7 and TMG afforded lactone 13 and no observed cyclopropane (Scheme 2). The reaction product presumably resulted from a nucleophilic addition to the aromatic aldehyde in 2g giving intermediate 14. An intramolecular hydride transfer from 14 gave an activated ester 15 which reacted with the enolate oxygen affording the observed product 13. There is literature precedence for this type of reaction which can also be catalysed by N-heterocyclic carbenes and cyanide.
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Scheme 2 Formation of lactone 13 from 2g
The possible nucleophilic species in the reaction include the sulfoxonium ylide, iodide, DMSO, TMG, or possibly the compound itself. The omission of 7 from the mixture did not improve the yield of 13 ruling out TMG and DMSO while sodium iodide in DMSO also failed to catalyse the formation of 13. Attempted catalysis using cyanide gave only trace amounts of 13 and so we have not been able to identify the nucleophile in this reaction.
Cyclopropanation reactions of 2a-g with the stabilised sulfur ylides derived from 5 and 20 are shown in Table 3 . Although there is literature precedence for this type of reaction using 1, there are no examples in the literature using more substituted derivatives. 7 The reaction of 2a with 5 promoted by triethylamine proved sluggish with only 7% conversion to 16a (by GCMS) after 29 h at 70 °C (entry 1). A significant increase in reaction rate was observed upon switching from triethylamine to TMG, providing a 93% yield of 16a in 18 h (Table 3 , entry 3). The minor isomer visible in crude reaction mixtures of ethyl ester 5 resulted from approach of the enone to the more hindered β-face. Performing the reaction with microwave heating at 110 °C in THF at 2.5 bars afforded cyclopropane 16a in low yield and greatly reduced time as well as the byproduct ethyl 2-(methylthio)acetate (21) (entry 2). When the temperature was reduced to 70 °C using conventional heating, a negligible quantity of 21 was detected. Payne has suggested that the formation of 21 is due to decomposition of the in situ generated ylide which shows considerable thermal instability. 18 In addition to facial selectivity, two possible stereoisomers can result from the ring-closure step of the cyclopropanation reaction. The ratio depends on which face of the ylide approaches the enone, the relative stability and rate of epimerisation for the intermediates and the rate of ring-closure. To determine whether steric bulk played a role in the reaction outcome, the tert-butyl ester 20 19 was prepared and used in the reactions using microwave heating giving cyclopropanes 17a-g in good to excellent yields.
A change in the minor isomer was observed in some of the reactions of 2a with the bulky tert-butyl ylide precursor 20. The major and minor products obtained from reactions of 2a-e with bulky 20 were both derived from approach of the ylide to the less-hindered α-face. Interestingly, the reactions of 2f and 2g with 20 resulted in minor isomers that were assigned as 18f and 18g on the basis of the observed small coupling constants (vide infra). We conclude that the tert-butyl ester group generally promoted reaction at the less hindered α-face. Furthermore, reactions of stabilised sulfonium ylides were much faster using microwave irradiation.
The stereochemistry of the ester group at C3 in 16a-c and 17a-g was assigned on the basis of small coupling constants (~4.8 Hz) between H2 and H3 in the 1 H NMR spectra consistent with a trans-relationship. Supporting the stereochemical assignment, the 2D NOESY NMR of 17f was found to be consistent with the major isomers. A crosspeak was observed between H2 (δ = 2.56) with the ortho-protons of the aromatic ring (δ = 7.42) and H8-β (δ = 4.28) confirming the relative stereochemistry at C2 and C4. NOESY crosspeaks between the tert-butyl group (δ = 1.20) with H2 and the ortho-protons of the aromatic ring confirmed the relative conformation of C3.
It was not possible to isolate the minor isomers 18 or 19 although they were visible by NMR in crude reaction mixtures prior to chromatography. The relative stereochemistry of the minor isomers 18 and 19 were assigned using J H2-H3 values in crude NMRs. The minor isomer 18 had a small trans J H2-H3 coupling, the same as 16 and 17, from which we concluded that approach of the nucleophile had occurred from the β-face. The minor isomers from reactions of tertbutyl ester 20 with 2a-e had relatively large J H2-H3 couplings, from which we concluded that they were epimeric In order to demonstrate the utility of the cyclopropanation chemistry, the Baeyer-Villiger reaction of cyclopropane 9a to give a 2-cyclopropyl-γ-butyrolactone 23 was examined (Scheme 3). Baeyer-Villiger oxidations of dioxabicyclo[3.2.1]octan-4-ones requires the removal of residual peroxide followed by the addition of acid to cleave the intermediate formyl ester 22 which can be complicated when the solubility of the product in water is high. The mild workup we have developed for these reactions involves the addition of a Pd/C hydrogenation catalyst which acts as a surface to slowly and cleanly decompose the peroxyacid and hydrogen peroxide. Subsequent filtration and treatment with a dilute solution of HCl which can be removed under reduced pressure affords the hydroxymethyl lactone. Cyclopropane 9a was fairly unreactive with peracetic acid due to the hindered ketone, however, the powerful oxidant trifluoroperacetic acid generated in situ from hydrogen peroxide and trifluoroacetic acid afforded lactone 23 in an excellent yield of 83%. Derivatives of the 1-aryl-1-carboxycyclopropane motif in the product are found in CNS active compounds 6b such as (+)-MR200 20 and milnacipran 10 demonstrating possible uses for this chemistry.
Scheme 3 Preparation of lactone 23 from cyclopropane 9a
In conclusion, we have developed conditions for a high yielding and enantioselective synthesis of cyclopropyl derivatives from LGO. The use of DMSO and TMG was critical to achieve high yields and short reaction times and the sulfoxonium salt was found to be highly selective for 1,4-addition. This work has extended the use of TMG as an efficient base for the Johnson-Corey-Chaykovsky cyclopropanation to sulfoxonium salt 7. We have shown proof of principle conversion through to the aryl-substituted cyclopropyl lactone 23 and are now examining the use of these compounds for the preparation of bioactive targets. 
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Solvents were dried using literature procedures. 21 Levoglucosenone (1) was obtained from Circa Group (Melbourne, Australia). All other reagents are commercially available and were used as purchased. 1 H NMR spectra were referenced to TMS δ = 0.0 and 13 C NMR were referenced to solvent CDCl 3 , δ = 77.0; DMSO-d 6 , δ = 39.5. 22 Melting points are uncorrected. HRMS were recorded in positive ASAP or ESI mode. NMR were assigned using COSY, NOESY, HSQC, and HMBC experiments. The synthesis of 2a-e and 2g has been previously described. 2 Sulfonium and sulfoxonium halides 3, 11,23 5, 7,24 7, 11, 25 and 20 19 were prepared using literature procedures. Microwave reactions were carried out using an Anton-Paar Monowave 300 at set temperature.
Suzuki Reactions Promoted by Microwave Irradiation; General Procedure
Iodide 10 (1.5 mmol), boronic acid (2.25 mmol), K 3 PO 4 (3.0 mmol), Pd(OAc) 2 (0.015 mmol), SPhos (0.03 mmol), toluene (3.80 mL), and an internal standard n-hexadecane (100 μL) were sealed in a 10-mL microwave pressure vessel and heated using microwave irradiation for 10 min intervals as specified in Table 1 until all starting material was consumed (GC/MS). The mixture was filtered then concentrated under reduced pressure and the product purified as specified. ]nonan-5-one (8) 5 To a stirred solution of trimethylsulfoxonium iodide (7, 212 mg, 0.96 mmol) in dry DMSO (3 mL) under a N 2 atmosphere was added TMG (122 μL, 0.97 mmol). After 10 min the temperature was raised to 50 °C by immersion of the flask into a heated oil bath and LGO 1 (84 μL, 0.86 mmol) dissolved in DMSO (2 mL) was added dropwise over 2 min. After stirring for 4 h, the product was isolated via repeated flash column chromatography (EtOAc/hexanes, 1:4) to afford a colourless oil (47 mg, 39%); R f = 0.62 (EtOAc/hexanes, 3:7). 
Cyclopropanation Reactions of 2a-i Using 7; General Procedure
To a stirred solution of enone 2 (0.43 mmol) and trimethylsulfoxonium iodide (7, 0.48 mmol) in DMSO (3 mL) under N 2 was added TMG (0.48 mmol). After 3 h, when no starting material remained (GC/MS), the solution was diluted with H 2 O (10 mL) and extracted with CH 2 Cl 2 (3 × 30 mL). The organic fractions were then combined and dried (MgSO 4 ), concentrated under reduced pressure, and the product was further purified as specified. (1S,2S,4R,6R)-4-(4-Methoxyphenyl)-7,9-dioxatricyclo 
Ester-Stabilised Cyclopropanation; General Procedure
Enone 2 (0.43 mmol), TMG (0.65 mmol), 5 or 20 (0.65 mmol), and THF (3 mL) were sealed in a 10-mL microwave vial and heated at 70 °C using microwave irradiation while stirring for 10 min intervals until no starting material remained (via GC/MS). The solution was concentrated under reduced pressure and further purified as specified. 1S,2S,3S,4S,6R)-4-(4-Methoxyphenyl)-5-oxo-7,9-dioxatri (1S,2S,3S,4S,6R)-4-(1,3-Benzodioxol-5-yl)-5-oxo-7,9-dioxatricyclo[4.2.1.0 
Ethyl (1S,2S,3S,4S,6R)-5-
tert-Butyl
